We report the band-edge electroluminescence at room temperature from metal-oxide-silicon tunneling diodes on (110) substrates. An electron-hole plasma recombination model can be used to fit the emission line shape. The reliability of this electroluminescence is studied and the emission intensity varies within 10% during a 2.5 × 10 4 C/cm 2 stress. A comprehensive illustration composed of localized holes, phonons, and interface roughness is given to describe the radiative process. The picture can be used to explain the enhanced electroluminescence intensity, as compared to photoluminescence, and can be used to understand the substrate orientation effect on electroluminescence intensity.
The band-edge electroluminescence (EL) from a metaloxide-silicon (MOS) tunneling diode attracts great attention not only due to its technological importance for possible optical interconnect applications, [1] [2] [3] but also due to its role in facilitating understanding of the radiative recombination process. 4, 5) An electron-hole-plasma (EHP) recombination model was given to fit the line shape of the electroluminescence, and the band-edge luminescence nature was confirmed 4) on the (100) substrate. The temperature-dependence study of EL spectra on (100) samples suggests that the emission lines are phonon replicas.
5) The interface roughness/surface roughness can also enhance the band-edge emission.
2) To further probe the radiation process, MOS tunneling diodes were fabricated on p-type (110) Si substrates. A comprehensive illustration is proposed to understand the effect of substrate orientation on the radiation process as well as the roles of phonons, roughness, and localized holes. Note that the natural cleavage plane on (110) Si is perpendicular to the substrate, hence a cavity structure can be easily fabricated. A previous study of Si/SiGe/Si quantum wells on (110) Si substrates 6) showed that the no-phonon (NP) peak from the (110) substrate is relatively intense, as compared to the (100) substrate, probably due to the larger conduction band offset on the (110) substrate than on the (100) substrate.
The ultrathin gate oxide of the MOS tunneling diode used in this study is grown by rapid thermal oxidation (RTO) at 1000
• C. The gas flows are 500 sccm nitrogen and 500 sccm oxygen at a pressure of 250 mbar. Before oxidation, the sample was cleaned by HF dipping. An in situ hydrogen bake at 1000
• C for 1 min was performed before the growth by RTO. The temperature was measured using a pyrometer with a close-loop control. After the growth of the ultrathin oxide, the sample was subsequently in situ annealed in hydrogen and in nitrogen for 10 min each at 900
• C. The nominal thickness of the oxide is about 2.4 nm, as measured by ellipsometry. The resistivity of the 100 mm p-type (110) wafers is 1-10 -cm. The N (n-channel) MOS diodes had Al gate electrodes with circular areas defined by photolithography. high-energy part of the line shape is wider, and increases more rapidly as the injection current increases, in comparison with that at the low-energy part. The device was biased at 100 mA for 10000-s to measure the reliability of light emission. Both strate through the thin oxide. At a negative gate voltage lower than the flat band voltage, the electron tunnels to the interface states at the oxide/Si interface, 7) and does not contribute to the light emission process (Fig. 2) . At a negative gate bias higher than the flat band voltage, the electron tunnels into the conduction band of Si substrates and recombines with the holes in the accumulation layer to emit light, as shown in Fig. 2 . The kink at ∼−0.7 V in the I-V curve (Fig. 1 ) of an NMOS device indicates the transition of these two current-transport mechanisms. Due to the large current and high resistivity of Si substrates (1-10 -cm), the series resistance affects the I-V curve at a large negative gate bias (< − 1.5 V). Figure 3 shows the EL spectra of the MOS diode with the size of 4×10 −2 cm 2 under different gate biases. The emission intensity increases as the gate bias (gate current) increases. The width of the line shape also increases with increasing gate current due to the band filling effect. The theoretical line shapes obtained from the EHP model can fit the data (Fig. 3) . the voltage and light intensity change slightly within 10% during the 10000 s test period and most sudden decrease in light intensity occurs in the initial 1600 s. The light intensity has a sudden rise when the voltage has a sudden decrease at 1600 s (Fig. 4) . The sudden decrease in voltage indicates that the charge of the MOS capacitance (accumulated holes in the oxide/p-Si interface) must decrease. To reduce the concentration of the accumulated holes, the holes have to recombine with electrons and light is emitted. Therefore, the light emission intensity increases at the same time when the voltage suddenly decreases. The I-V after the 10000-s drive at 100 mA (2.5×10 4 C/cm 2 fluence) is also shown in Fig. 1 , and the large deviation from the fresh I-V curve indicates that a soft breakdown has occurred. The soft breakdown occurs at 1600 s with a fluence of 4 × 10 3 C/cm 2 , when the voltage decreases suddenly. The fluence to breakdown is much larger than the reported data of ∼5 A/cm 2 for a 5.8-nm-thick oxide layer. 8) This may be due to the ultra-thin oxide used in this study (∼2.4 nm).
To understand the effect of substrate orientation on electroluminescence, we present a illustration of the radiative process composed of TO phonons, interface roughness, and confined holes in the accumulation region (Fig. 5) . The hole confinement in the accumulation region leads to the delocalization of the hole momentum in the reciprocal lattice along the growth direction. The hole in the valence band edge does not have fixed momentum, but has a momentum distribution along the growth direction. In Fig. 5 , the momentum associated with the hole is indicated by a rectangle with long sides along the growth direction. To induce hole recombination with electrons, the extra momentum can be provided by phonons. 5) Due to the momentum distribution of holes, more phonons can be involved in the radiative recombination, as compared to the bulk Si, where the phonon momentum to assist the radiative recombination is restricted to the reciprocal vector between the valence band edge and electron valley (0.85 2π /a, where a is lattice constant). This explains in part why the EL from the MOS diode is more intense than the strates was demonstrated. For the reliability test, the device does not significantly degrade over a 10000-s operation at 100 mA. A comprehensive picture of the radiation process is described. From this illustration, the EL from the MOS diode on (110) substrates can be more intense than that on the (100) substrates. This work was supported by the National Science Council, Taiwan, R.O.C. (89-2218-E-002-017, 89-2218-E-002-012, 89-2112-M-002-034 and 89-2215-E-002-016). The support from the Tjing Ling Foundation is also highly appreciated.
